To compare body composition of large-for-gestational-age (LGA) with appropriate-for-gestational-age (AGA) newborns and to identify antenatal predictors of LGA. STUDY DESIGN: This cross-sectional study included 536 term, singleton infants. Anthropometric measurements were performed within 48 h of birth and included determination of body fat percentage (%BF) by air displacement plethysmography. Associations were investigated using logistic regression. RESULT:
INTRODUCTION
The increasing worldwide prevalence of obesity is a major challenge of our time. 1 There is strong evidence for the association between maternal obesity and high infant birthweight. [2] [3] [4] [5] Therefore, an increase in the prevalence of large-for-gestationalage (LGA) infants is likely, considering the increasing prevalence of obesity. 1, 6 LGA infants are at increased risk of both short-and long-term poor outcomes, such as adult obesity and metabolic disease. [7] [8] [9] [10] However, not all LGA infants are at increased risk of morbidity. Differentiating between constitutionally large infants and overgrown infants is important but has previously been difficult to determine. Measuring infant body composition may be the answer.
Infant body composition has been shown to affect longer-term health outcomes 11 and is a better measure of infant nutritional status than birthweight, as it is more sensitive to factors affecting infant growth in utero. [12] [13] [14] [15] Until recently, accurately assessing infant body composition was difficult. However, it is now possible in routine clinical practice using air displacement plethysmography (ADP). This method has been validated 16, 17 and is the gold standard for measuring infant body composition. [18] [19] [20] [21] [22] In this study, we performed anthropometric measurements and determined body composition of LGA infants using ADP. We also aimed to identify antenatal predictors and short-term labour and birth outcomes associated with LGA infants.
METHODS

Study design
In this cross-sectional study, we recruited infants born at Royal Prince Alfred Hospital (RPAH) in Sydney from August to October 2010. Eligible patients were well, term newborns measured once, within 48 h of birth. Exclusion criteria included gestational age o37 or ⩾ 42 weeks, multiple births, congenital anomalies and neonatal intensive care unit admission for >2 days.
Data collection
Body composition and other anthropometric measurements in neonates. All neonatal measurements were performed within 48 h of birth. Weight and body composition were measured by ADP, using the PEA POD Infant Body Composition System (COSMED, Chicago, IL, USA) with integrated software (version 3.1.3). Before measuring, all clothing was removed, and the hair was smoothed to reduce its isothermic behaviour. Mass and volume calibrations accounted for the two hospital identification bracelets and umbilical clip on each infant. Weight was measured using the integrated scale.
Body composition measured by ADP was then calculated from body density based on the model presented by Fomon. 23 The density of fat was assumed to be 0.9007 kg l − 1 . The data were reported based on a two-compartment model of fat mass and fat-free mass. Fat mass was also provided as a percentage of total body weight, body fat percentage (%BF).
The method for performing all other measurements was standardised using the skill-based educational methods. 24 An experienced neonatologist assessed competency (HEJ). Inter-user reliability was established before starting the study. Crown-heel length was measured by two operators using an Easy-Glide Bearing Infantometer (Perspective Enterprises, Portage, MI, USA). Head circumference was recorded as the maximal occipitofrontal circumference of three measurements. Chest, abdominal, arm and thigh circumference were measured at the level of the nipples and umbilicus, mid-humeral and mid-femoral points, respectively. Two measurements were made for each, and the mean was recorded. All measurements were made with a circumferential, re-useable plastic tapemeasure (Perspective Enterprises).
infant measurements using a standardised questionnaire or were extracted from the medical records. Maternal data included age, height, pregravid weight, gestational weight gain, ethnicity, parity, antenatal history, details of the labour and delivery and length of stay in hospital. Paternal data included age, height and weight. Infant data included sex, gestational age, any fetal distress, Apgar scores, temperature, blood glucose concentration, admissions to the neonatal intensive care unit and initial feeding scores.
'Gestational age' was calculated from the first day of the last menstrual period according to Naegele's rule. This date was adjusted to the first or second trimester ultrasound scan estimation if the estimates differed by >7 days. Body mass index (BMI) was calculated by dividing weight (kg) by the height squared (m 2 ). The World Health Organisation BMI classification was applied.
1 'Ethnicity' was defined according to the Australian Standard Classification of Cultural and Ethnic Groups. 25 The diagnosis of gestational diabetes mellitus (GDM) was based on the Australian Diabetes in Pregnancy Society criteria, including universal screening at 26 to 28 weeks of gestation by 50 or 75 g oral glucose challenge test. 26 The diagnosis was confirmed by a 75-g oral glucose tolerance test. A positive result included a venous blood glucose concentration of Labour and birth outcomes
Infants were classified by weight for gestational age and sex using population-based charts. 28 Small for gestational age was defined as o10th percentile, appropriate for gestational age (AGA) as ⩾ 10th and ⩽ 90th percentile and LGA as >90th percentile weight for gestational age. Small-for-gestational-age infants were excluded from all analyses.
Low %BF LGA neonates were excluded from the subgroup analysis. The cutoff points for low and high %BF have not been previously identified. 12 Therefore 'high fat' and 'low fat' were defined as 1 s.d. above and below the mean %BF. 29 We used objective measures to identify infants at risk of early morbidity. 30 'Fetal distress' was defined as either an indication for operative delivery or thick meconium at birth from the medical record. 'Low Apgar score' was defined as an Apgar score o7 at 5 min and/or a requirement for resuscitation at birth. 'Hypothermia' was defined by a temperature of o36.5 o C recorded at birth or at any time during admission. 'Hypoglycaemia' was defined as blood glucose concentration o2 mmol in the first 24 h and o2.5 mmol after the first 24 h, measured either by screening blood glucose concentration (glucometer at the bedside, Accu-Chek, Roche Diagnostics, Indianapolis, IN, USA) and/or confirmed by formal blood glucose concentration (hospital laboratory service). 31 Blood glucose was not measured routinely in LGA infants. 'Breast-feeding morbidity' was defined as ⩾ 2 of the following criteria: (i) poor feeding frequency defined by o 3 feeds in the first 24 h and/or o 6 feeds in the subsequent 24 h, (ii) poor feeding codes defined as >3 codes of o4/6 as assessed by midwives according to hospital feeding codes, and (iii) poor feeding requiring >2 supplementary feeds with either expressed breast milk or formula. 29 
Statistical analysis
Descriptive statistics were calculated using the mean and s.d. for continuous variables and number (%) for categorical variables. Univariate associations between variables were calculated using chi-square and ttests as appropriate. Associations between LGA and antenatal risk factors were assessed using the logistic regression models and a multivariable model using stepwise backwards elimination. All analyses were conducted in 'R for Mac OS X GUI 1.43'. 32 
Ethics
The Human Research Ethics Committees of RPAH (X09-0381 HREC/09/ RPAH/645) and the University of Sydney (12732) approved this study. All parents gave informed written consent, and participation was voluntary.
RESULTS
A total of 475 (88.6%) AGA and 61 (11.4%) LGA neonates were included. The two groups of infants were not significantly different in terms of sex or gestational age, and the two groups of mothers were not significantly different in their age or ethnicity (Table 1) .
Comparison of LGA and AGA neonates-antenatal predictors, neonatal anthropometry and labour and birth outcomes Antenatal predictors. Several factors were significantly associated with parental anthropometric features and LGA compared with AGA neonates (Table 1) , including multiparity, paternal height, maternal gestational weight gain and pregravid weight. In the multivariable model, significant predictors of LGA infants included multiparity (P = 0.043), paternal height (P = 0.002), maternal gestational weight gain (P = 0.001) and pregravid weight (P o 0.001) ( Table 2 ). For women with a pregravid weight of 65 to 75 kg, there were increased odds of having an LGA infant, compared with women with a pregravid weight of 55 to 65 kg (odds ratio (OR) = 2.77, 95% confidence interval (CI) (1.14 to 7.06) and even higher odds for women with a pregravid weight of ⩾ 75 kg (OR = 6.37, 95% CI (2.53 to 16.92).
The probability of having an LGA infant estimated from the multivariable model is shown for varying combinations of antenatal factors in Figure 1 . The estimated probability of having an LGA infant increased with the maternal gestational weight gain, taller paternal height (Figure 1a Neither maternal GDM status nor type 2 diabetes mellitus was associated with having an LGA infant. Applying the new international criteria post hoc to the oral glucose tolerance test results found no further GDM diagnoses. 27 Neonatal anthropometry. The LGA neonates had significantly different anthropometry to AGA neonates (Table 3) . On average, they had a higher percentage body fat, greater BMI, were longer and had a greater head, chest, abdominal, arm and thigh circumference (P o 0.001). There was a proportional increase in the body fat of LGA compared with AGA infants. However, the distribution of %BF in LGA infants, while higher on average, did not have a substantially higher maximum %BF (Figure 2 ).
Labour and birth outcomes. Overall, LGA neonates did not have a significantly different risk of adverse labour or birth outcomes compared with AGA neonates. However, they were more likely to be delivered by caesarean section (C/S) and more than twice as likely to be delivered by elective C/S, compared with AGA neonates (P = 0.003; Table 4 ). There was no difference in the rate of induction (23.0% for LGA neonates compared with 23.8% for AGA neonates) or fetal distress. There were no 'hypoglycaemic' episodes recorded for any of these infants at any point.
Sub-group analysis of LGA neonates with high %BF compared with LGA neonates with normal %BF Of the 61 LGA neonates, 32 had a high %BF and 28 had a normal %BF. There was a single LGA neonate with low %BF (5.6%) who was identified with lymphocytic villitis on the placental pathology report. The neonates in the high %BF group and normal %BF group were not significantly different in terms of neonatal sex or gestation.
Antenatal predictors. The only parental characteristics associated the 32 infants with high %BF in LGA infants were shorter maternal height and Asian ethnicity (Table 5 ). Other anthropometric and demographic factors did not predict for %BF in LGA infants, including parental age, height, weight or BMI, parity, GDM or type 2 diabetes mellitus status.
Neonatal anthropometry. Statistically significant anthropometric differences between LGA neonates with high and normal fat included abdominal circumference with high fat neonates having a 1.1-cm greater circumference on average (95% CI: 0.1 × 2.0), thigh circumference with high fat neonates having a 1-cm greater circumference on average (95% CI: 0.5 × 1.6) and BMI with high % BF neonates having a 0.8 kg m −2 greater BMI on average (95% CI: 0.3 × 1.3).
Labour and birth outcomes. High-fat LGA neonates were at a significantly decreased risk of fetal distress during labour compared with normal-fat LGA neonates (P = 0.03). There was weak evidence that mode of delivery differed for high-and normal-fat neonates (P = 0.08). More than twice as many high-fat neonates were delivered by elective C/S (13 (40.6%) high-fat infants compared with 5 (15.9%) normal-fat infants). Three times more normal-fat infants than high-fat infants required either instrumental delivery or emergency C/S (11 (39.3%) normal-fat infants compared with 4 (12.6%) high-fat infants).
DISCUSSION
Main findings
LGA is associated with childhood obesity and metabolic dysfunction in adulthood and is a significant public health issue in low-, medium-and high-income settings. In this study, we have found that paternal height, parity, pregravid weight and gestational weight gain are strongly associated with LGA infants. Further, these infants had a higher proportion of body fat than the AGA infants in the population. We described, for the first time, the body composition of LGA neonates within the first 48 h of life using ADP. The LGA infants were found to have a significantly greater %BF compared with AGA infants, and their increase in fat mass was proportionally greater than their increase in body weight. They were symmetrically larger than the AGA infants on all anthropometric dimensions. These findings were in keeping with Anderson et al., 22 who demonstrated using ADP that infants with higher birthweight had higher body fat at 3 months of age.
The association between maternal GDM status and LGA infants is well established. 33, 34 However, in our study maternal GDM status did not predict LGA infants nor high %BF. 35 This may be attributed to the tight glycaemic control previously reported in our maternal population mitigating the effects of maternal hyperglycaemia on the fetus. 35 By applying the new international criteria to our population, we ensured this result was not an artefact of less stringent diagnostic criteria. We recognise that achieving similar levels of maternal adherence with strict guidelines may only be possible in centres with sufficient resources. However, this confirms that GDM status is indeed a modifiable risk factor for LGA infants. Although GDM status was not associated with LGA in our population, it is possible that other metabolic factors are associated with LGA infants. 36, 37 This study therefore describes a population of LGA infants, which cannot be attributed to maternal GDM. This may indicate normal, healthy growth in a LGA group and is reflected in the relatively low clinical morbidity of these infants. There were also no differences in morbidity outcomes when compared with the AGA group, other than an increased rate of caesarean section delivery. It is not known whether these 'non-GDM ' LGA infants have the same risk of childhood obesity.
The generalisability of the study is limited to an extent by the high-resource setting and that a low cost and sensitive surrogate marker for %BF is yet to be identified. A larger sample of infants with longer-term follow-up is needed to provide insight into the impact of body composition at birth and optimal early intervention to reduce the risk of childhood and adult obesity. However, this was a prospective, cross-sectional study design and used the gold standard method of ADP to measure infant body composition.
These findings highlight the importance of maternal weight in predicting LGA infants independent of GDM status. There are immediate clinical implications in terms of modifying maternal pregravid weight and pregnancy weight gain, especially in the context of a multiparous mother and tall father. Successfully addressing modifiable perinatal factors may achieve both a decrease in caesarean delivery and, in the longer term, a decrease in child and adult overweight and obesity.
All risk factors for predicting proportional body fat have not been clearly elucidated. We found shorter maternal height and Asian ethnicity to predict high %BF in LGA infants. This is provocative, as GDM was not explanatory in the regression model. The fetal programming hypothesis may offer one explanation and, as in our study, short maternal height has previously been Figure 1 . (a) Estimated probability of delivering a large-forgestational-age (LGA) neonate by gestational weight gain and paternal height. (b) Estaimated probability of delivering a LGA neonate by gestational weight gain and maternal pregravid weight. (c) Estimated probability of delivering a LGA neonate by gestational weight gain and parity. LGA, large for gestational age. associated with neonatal adiposity in an Indian population, 38 and Asian ethnicity has also been shown to predict adiposity. 39 The predictors of neonatal adiposity will require further investigation in larger studies.
It is possible that the relative increase in %BF of LGA infants reflects a metabolic pattern that may contribute to childhood regulation of metabolism and long-term risk of obesity. The relative contribution of in utero and postnatal environment to childhood metabolism and long-term risk of obesity is currently unclear. Eriksson et al. 20 found body fat was not correlated in infants at 1 and 12 weeks of age, and Wells et al. 40 found that postnatal weight gain had a stronger influence than fetal weight gain on fat distribution. Neither study controlled for maternal GDM status.
In this population study, predictors of LGA were identified as paternal height, parity, maternal pregravid weight and gestational weight gain. Further, the LGA neonates were not only larger but also fatter than AGA infants, a finding not attributable to maternal GDM status. Future research might address the impact of antenatal education on modifying LGA newborns and the collateral health implications. Abbreviations: BF, body fat; GDM, gestational diabetes mellitus; LCL, lower control limit; T2DM, type 2 diabetes mellitus; UCL, upper control limit.
